Pulmonary arterial hypertension (PAH) is a fatal disease characterized by progressive vascular remodeling and increased pulmonary vascular resistance (PVR). The increase in right ventricular (RV) afterload often leads to RV decompensation [@bib1] and premature death. Despite recent advances in the treatment of PAH [@bib2], the prognosis remains poor, especially in patients with severe RV failure [@bib3]. Thus, novel treatments must be developed to improve its outcome.

PAH disrupts autonomic balance by deactivating the parasympathetic nervous system [@bib4] and activating the sympathetic nervous system [@bib5]. Previous reports indicated that autonomic imbalance predicts a high mortality of PAH [@bib6]. Furthermore, Carver et al. [@bib7] reported that vagotomy of the pulmonary region in rats leads to fibrosis in both pulmonary arteries (PAs) and airways. Therefore, autonomic function may play an important role in structural homeostasis in PAs. Recently, sympatho-inhibitory therapies such as PA denervation [@bib8], [@bib9] and renal denervation [@bib10] have been shown to reduce pulmonary vascular remodeling and PVR. In addition, a growing body of evidence is accumulating both on the benefits [@bib11], [@bib12] and disadvantages [@bib13] of beta-blocker therapy for PAH. However, it remains unknown how direct activation of the parasympathetic nervous system affects PAH.

Vagal nerve stimulation (VNS) is a device therapy that directly and electrically activates the parasympathetic nerve. In animal experiments, VNS has shown significant therapeutic benefits for various cardiovascular diseases, including myocardial infarction [@bib14], fatal arrhythmia [@bib15], and chronic heart failure [@bib16]. VNS has been used in patients with heart failure [@bib17] and epilepsy [@bib18]. Although clinical trials have shown the safety of VNS, the efficacy of VNS for heart failure remains controversial [@bib19].

In the present study, we examined how VNS affects autonomic function, hemodynamic variables, pulmonary histopathology, and survival in the SU5416/hypoxia/normoxia model of PAH using Fischer 344 rats, a model that reproduces essential histopathological features of severe PAH, including catastrophic prognosis in humans [@bib20], [@bib21].

Methods {#sec1}
=======

The Institutional Animal Care and Use Committee of Kyushu University, Fukuoka, Japan, approved all experimental procedures. We conducted animal experimentation and care in strict accordance with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health.

We used 10-week-old male Fischer 344 rats (Japan SLC, Hamamatsu, Japan) (n = 102). All rats were housed in a room maintained at constant temperature (25 ± 2°C) and 12-h light/dark cycle, and given water ad libitum during the entire experiment. To induce PAH, rats weighing 180 to 200 g were given a subcutaneous injection of SU5416 (204005-46-9, Tocris Bioscience, Bristol, United Kingdom; 20 mg/kg) followed by exposure to hypoxia (10% oxygen) for 3 weeks and then returned to normoxic conditions, according to previous reports [@bib20], [@bib21].

First, the effects of chronic VNS on PAH in free-moving rats were evaluated. We then analyzed the direct effects of acute VNS on advanced PAH in anesthetized rats. To administer chronic VNS, we attached a pair of electrodes to the right cervical vagal nerve and implanted a neurostimulator (ANRE-210i, ANPEX Co., Ltd., Tokyo, Japan) subcutaneously in the back of the rat 3 days (to allow time for recovery from the invasive implantation procedure) before the SU5416 injection ([Figure 1](#fig1){ref-type="fig"}). The vagal nerve was stimulated at 20 Hz and 180-μs pulse width. Initiation of stimulation and titration of amplitude were operated from the exterior. The current intensity of VNS was adjusted at just below the symptom threshold (97 ± 6 μA). Chronic VNS did not directly affect heart rate or arterial pressure (AP) under a conscious state, as we previously reported [@bib22]. There was no implantation-related death in this study, but 11 rats were excluded from the protocol because of mechanical failure of the VNS system. To administer acute VNS, an external stimulation device (SEN-3401, Nihon Kohden, Tokyo, Japan) was used for electrical stimulation in rats with advanced PAH under anesthesia. The electrodes and stimulation parameters were the same as in chronic VNS.Figure 1Photographic Images of Vagal Nerve Stimulation in RatsElectrodes are **(A)** attached to the right cervical vagal nerve and **(B)** connected to a neurostimulator **(C)** implanted subcutaneously in the back of a rat.

Experimental protocols {#sec1.1}
----------------------

### Protocol 1: Effects of chronic VNS on PAH in free-moving rats {#sec1.1.1}

#### Pathophysiological study {#sec1.1.1.1}

A pathophysiological study was conducted in rats (n = 28) that had undergone 5-week VNS from 0 week after SU5416 injection (VNS, n = 10), rats that were sham-stimulated (SS; n = 9), and age-matched control rats (n = 9) ([Figure 2](#fig2){ref-type="fig"}). We assessed autonomic function, hemodynamic variables, histology of lung and right ventricle, and inflammatory responses, and then compared these findings among the 3 groups.Figure 2ProtocolsProtocol 1 assesses the therapeutic effects of 5-week chronic vagal nerve stimulation (VNS) delivered by an implantable neurostimulator in free-moving rats with pulmonary arterial hypertension (PAH). Protocol 2 assesses the effects of 90-min acute VNS delivered by an external stimulation device in anesthetized rats with advanced PAH. CTRL = control; O~2~ = oxygen; SS = sham stimulation.

#### Survival study {#sec1.1.1.2}

The effects of chronic VNS on survival of PAH rats (n = 54) were examined. Rats that underwent 5-week VNS 0 week (--5 week in [Figure 2](#fig2){ref-type="fig"}) after SU5416 injection (prevention group, n = 14) were compared with SS rats (SS group, n = 26). We also examined the survival of rats that underwent 5-week VNS from 5 weeks (0 week in [Figure 2](#fig2){ref-type="fig"}) after SU5416 injection (treatment group, n = 14). The intensity of VNS was titrated at 0 and 3 weeks after VNS initiation in both the prevention and treatment protocols. We observed survival of all rats for 10 weeks from 5 weeks (0 week in [Figure 2](#fig2){ref-type="fig"}) after SU5416 injection. Rats in protocol 1B were different from those in protocol 1A.

### Protocol 2: Effects of acute VNS on established PAH in anesthetized rats {#sec1.1.2}

To examine the direct effects of VNS on pulmonary vascular properties and to elucidate the beneficial mechanisms of action of VNS on PAH, the effects of acute VNS was evaluated in rats with advanced PAH. Rats with PAH 5 weeks after SU5416 injection (n = 9) were anesthetized and administered acute VNS via an external device (n = 5) or SS (n = 4) for 90 min. We simultaneously measured hemodynamic variables during VNS and sampled lung tissues at the end of the experiment for gene and protein assays.

Echocardiography {#sec1.2}
----------------

Echocardiography was performed under general anesthesia (isoflurane: 1.5%) in protocol 1A. In the 2-dimensional parasternal short-axis view, we measured RV diastolic dimensions, systolic dimensions, and wall thickness at the level of the papillary muscles. We also estimated pulmonary artery acceleration time by Doppler and normalized it by cardiac cycle length [@bib12].

Heart rate variability {#sec1.3}
----------------------

In protocol 1A, heart rate variability (HRV) was evaluated under conscious state at 5 weeks after SU5416 injection by using an electrocardiographic telemetry system (TA11ETA-F10 Implant, Data Sciences International, St. Paul, Minnesota). Power spectral density was used to quantify the HRV (see the [Supplemental Materials](#appsec1){ref-type="sec"} for details).

Hemodynamic assessment and RV hypertrophy {#sec1.4}
-----------------------------------------

Hemodynamic variables in protocols 1A and 2 were assessed by measuring RV pressure, pulmonary arterial pressure (PAP), left ventricular pressure, and AP. We used 2-F Mikro-Tip pressure catheters (SPR-320, Millar Instruments, Houston, Texas) for RV pressure, PAP and left ventricular pressure, and a fluid-filled transducer system (DX-300, Nihon Kohden) for AP. A flow probe (2.5PS, Transonic Systems, Ithaca, New York) was placed in the aortic root for measurements of cardiac output and cardiac index (cardiac output normalized by body weight) (see the [Supplemental Materials](#appsec1){ref-type="sec"} for details). After catheterization, the right ventricle was dissected from the left ventricle and interventricular septum. The Fulton index (a weight ratio of the right ventricle to the left ventricle plus septum) was calculated for assessment of RV hypertrophy [@bib21].

Plasma norepinephrine and brain natriuretic peptide {#sec1.5}
---------------------------------------------------

Blood samples were collected from the carotid artery after hemodynamic studies were completed in protocol 1A. Plasma norepinephrine (NE) levels were measured as an index of sympathetic activation by using high-performance liquid chromatography (SRL, Tokyo, Japan) [@bib6], [@bib22]. Plasma brain natriuretic peptide (BNP), which is an important prognostic factor of PAH [@bib23], were assayed by using a BNP 45 Rat ELISA Kit (ab108816, Abcam, Cambridge, United Kingdom).

Histopathological and immunohistochemical analyses {#sec1.6}
--------------------------------------------------

Histopathological and immunohistochemical analyses were performed in protocol 1A. We assessed PA luminal occlusive lesions, migration of CD68-positive perivascular macrophages, cell proliferation, and apoptosis. We also assessed fibrotic area, capillary density, and the apoptotic ratio in the right ventricle (see the [Supplemental Materials](#appsec1){ref-type="sec"} for details).

Multiple cytokine biomarkers {#sec1.7}
----------------------------

In protocol 1A, inflammatory cytokines in the lung were evaluated by using the Bio-Plex Pro Rat Cytokine 23-Plex Assay (\#12005641, Bio-Rad, Hercules, California) [@bib24]. We used the standard sample in quantitative analysis. Interleukin (IL)-1β, IL-6, tumor necrosis factor-α, monocyte chemotactic protein-1 (MCP-1), and IL-10 levels were also evaluated.

Immunoblot analysis of the expression of endothelial nitric oxide synthase and phosphorylated endothelial nitric oxide synthase {#sec1.8}
-------------------------------------------------------------------------------------------------------------------------------

In protocol 2, protein expressions of endothelial nitric oxide synthase (eNOS) and phosphorylated eNOS were evaluated after acute VNS by using Western blot analysis (see the [Supplemental Materials](#appsec1){ref-type="sec"} for details).

Reverse transcription polymerase chain reaction analysis {#sec1.9}
--------------------------------------------------------

In protocol 2, messenger ribonucleic acid (mRNA) levels of pro-inflammatory cytokines (*Il1b*, *Il6*, *Tnfa*, *Mcp1*), anti-inflammatory cytokine (*Il10*), and alpha-7 nicotinic acetylcholine receptor (*Alpha7nachr*) were evaluated by using reverse transcription polymerase chain reaction (see [Supplemental Materials](#appsec1){ref-type="sec"}).

Statistical analysis {#sec1.10}
--------------------

In protocol 1A, differences among the 3 groups were tested by using 1-way analysis of variance, followed by post hoc Tukey-Kramer tests. Post hoc comparisons were conducted if a significant result was obtained in the overall analysis of variance. In protocol 1B, survival was estimated by using the Kaplan-Meier method and analyzed by using the log-rank test among the SS-prevention, SS-treatment, and prevention-treatment groups. In protocol 2, differences between pre-stimulation and post-stimulation data were tested by using paired Student's *t*-tests, and differences in gene and protein assays between SS and VNS were tested by using Student's *t*-test. Statistical analyses were performed by using JMP Pro 11 (SAS Institute, Inc., Cary, North Carolina). Values are given as mean ± SEM. Differences were considered signiﬁcant when p values were \<0.05.

Results {#sec2}
=======

Effects of chronic VNS on autonomic function {#sec2.1}
--------------------------------------------

All rats survived until 5 weeks after SU5416 injection in protocol 1A. Representative traces of power spectral density of HRV are shown in [Figure 3A](#fig3){ref-type="fig"}. HRV and plasma NE data are summarized in [Table 1](#tbl1){ref-type="table"}. Compared with SS, VNS increased the high-frequency component and tended to decrease the low-frequency/high-frequency ratio, indicating improvement of autonomic balance. This outcome is supported by the finding that VNS markedly decreased plasma NE levels, indicating the suppression of sympatho-excitation.Figure 3Effects of Chronic VNS on Power Spectral Density of Heart Rate, Hemodynamic Variables, and Plasma BNPValues are mean ± SEM. Differences were tested by using 1-way analysis of variance, followed by post hoc Tukey-Kramer tests. ∗p \< 0.05 and ∗∗p \< 0.01 vs. CTRL. †p \< 0.05 and ‡p \< 0.01 vs. SS. **(A)** Representative traces of power spectral density of heart rate in CTRL, SS, and VNS in rats at 5 weeks after SU5416 injection. The frequency range of 0.04--0.73 Hz was defined as low frequency (LF) and 0.73--2.0 Hz as high frequency (HF). The HF of HRV that represents parasympathetic nerve activity is lower in SS than CTRL but is higher in VNS than in SS. **(B to G)** Mean pulmonary arterial pressure (mPAP), pulmonary vascular resistance (PVR), cardiac index (CI), right ventricular end-diastolic pressure (RVEDP), and maximum first derivation of right ventricular pressure normalized by RVEDP (Max +dP/dt/RVEDP) are shown. VNS significantly reduces mPAP and improves right ventricular function. CTRL, n = 5; SS, n = 6; and VNS, n = 6. BNP = brain natriuretic peptide; other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.Table 1HRV and Plasma NE ConcentrationsControlSSVNSp ValueHRV n454 Heart rate, beats/min337 ± 5367 ± 20351 ± 120.381 HF, ms^2^2.0 ± 0.30.3 ± 0.1[∗](#tbl1fnddagger){ref-type="table-fn"}1.1 ± 0.2[†](#tbl1fndagger){ref-type="table-fn"}\<0.001 LF, ms^2^8.0 ± 1.81.4 ± 0.4[∗](#tbl1fnddagger){ref-type="table-fn"}2.8 ± 0.30.002 LF/HF ratio4.3 ± 1.46.8 ± 1.52.8 ± 0.60.127 SDNN, ms8.6 ± 2.14.3 ± 0.85.0 ± 0.50.077Sympathetic activation n9910 Plasma NE concentration, pg/ml378 ± 587800 ± 2992[‡](#tbl1fnddagger){ref-type="table-fn"}978 ± 306[†](#tbl1fndagger){ref-type="table-fn"}0.019[^1][^2][^3][^4]

Effects of chronic VNS on heart weight and echocardiographic findings {#sec2.2}
---------------------------------------------------------------------

As shown in [Table 2](#tbl2){ref-type="table"}, body weight did not differ among the 3 groups. Compared with SS, VNS significantly decreased RV hypertrophy, RV diastolic dimensions, RV systolic dimensions, and RV wall thickness but increased pulmonary artery acceleration time normalized to cycle length, reflecting lowered RV systolic pressure.Table 2Body and Heart Weights and Echocardiographic DataControlSSVNSp ValueBody and heart weights n566 Body weight, g299 ± 8278 ± 6[∗](#tbl2fnlowast){ref-type="table-fn"}274 ± 50.049 RV weight, mg136 ± 4353 ± 16[†](#tbl2fnlowast){ref-type="table-fn"}241 ± 15[‡](#tbl2fnsection){ref-type="table-fn"}\<0.001 LV+S weight, mg546 ± 9584 ± 19515 ± 17[§](#tbl2fnsection){ref-type="table-fn"}0.023 RVH0.25 ± 0.010.61 ± 0.02[†](#tbl2fnlowast){ref-type="table-fn"}0.47 ± 0.02[‡](#tbl2fnsection){ref-type="table-fn"}\<0.001Echocardiography n455 RVDd, mm1.9 ± 0.13.4 ± 0.3[†](#tbl2fnlowast){ref-type="table-fn"}2.5 ± 0.1[§](#tbl2fnsection){ref-type="table-fn"}\<0.001 RVDs, mm1.2 ± 0.12.7 ± 0.3[†](#tbl2fnlowast){ref-type="table-fn"}1.7 ± 0.1[§](#tbl2fnsection){ref-type="table-fn"}\<0.001 RVWT, mm0.83 ± 0.031.28 ± 0.04[†](#tbl2fnlowast){ref-type="table-fn"}1.05 ± 0.05[§](#tbl2fnsection){ref-type="table-fn"}\<0.001 PAAT/CL, %20.8 ± 1.88.8 ± 0.6[†](#tbl2fnlowast){ref-type="table-fn"}14.6 ± 1.9[‡](#tbl2fnsection){ref-type="table-fn"}\<0.001 Heart rate, beats/min354 ± 7311 ± 14329 ± 140.099[^5][^6][^7][^8]

Effects of chronic VNS on hemodynamic variables and plasma BNP {#sec2.3}
--------------------------------------------------------------

[Figures 3B to 3G](#fig3){ref-type="fig"} display hemodynamic variables and plasma BNP levels in protocol 1A. Compared with SS, VNS significantly decreased mean PAP (VNS 32.0 ± 1.7 vs. SS 46.4 ± 2.2 mm Hg; p \< 0.01) and PVR (VNS 0.58 ± 0.05 vs. SS 1.24 ± 0.11 mm Hg/ml/min; p \< 0.01), and increased cardiac index (VNS 186 ± 18 vs. SS 121 ± 8 ml/min/kg; p \< 0.01). VNS also decreased right ventricular end-diastolic pressure (RVEDP) (VNS 2.4 ± 0.3 vs. SS 6.2 ± 1.1 mm Hg; p \< 0.05), increased the maximum first derivation of RV pressure normalized by RVEDP (Max +dP/dt/RVEDP) (VNS 1,617 ± 298/s vs. SS 695 ± 128/s; p \< 0.05) and decreased plasma BNP (VNS 0.09 ± 0.02 vs. SS 0.36 ± 0.11 ng/ml; p \< 0.05). VNS did not affect systemic hemodynamic variables ([Supplemental Figure 1](#appsec1){ref-type="sec"}).

Effects of chronic VNS on PA histopathology {#sec2.4}
-------------------------------------------

[Figure 4](#fig4){ref-type="fig"} shows the histopathological analyses of PAs in protocol 1A. We assessed PA occlusive lesions by using Verhoeff--van Gieson staining. Compared with SS, VNS significantly increased grade 0 lesions and decreased grade 2 lesions irrespective of vascular size ([Figures 4A and 4B](#fig4){ref-type="fig"}), indicating that VNS attenuated PA occlusive lesions. VNS markedly reduced the number of perivascular macrophages (CD68-positive), proliferative cells (Ki67-positive), and apoptotic cells (terminal deoxynucleotidyl transferase dUTP nick end labeling--positive) ([Figures 4C to 4E](#fig4){ref-type="fig"}).Figure 4Effects of Chronic VNS on Histology of PAValues are mean ± SEM. Differences were tested by using 1-way analysis of variance, followed by post hoc Tukey-Kramer test. ∗∗p \< 0.01 vs. CTRL. ‡p \< 0.01 vs. SS. **(A)** Representative photomicrographs of Verhoeff--van Gieson staining. **Arrowheads** indicate occlusive pulmonary artery (PA). **(B)** Pulmonary arterial occlusions are graded as grade 0 (no luminal occlusion; **white**), grade 1 (\< 50% occlusion; **light gray**), and grade 2 (≧50% occlusion; **dark gray**). Percentage of occlusive PAs with outer diameter (OD) ≦50 μm **(left)** and 50 \< OD \<100 μm **(right)**. Representative photomicrographs of **(C)** immunostained CD68-positive cells, **(D)** Ki67-positive cells, and **(E)** terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells are shown (n = 4 in each group). Arrowheads in **(E)** indicate TUNEL-positive cells. Other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

Effects of chronic VNS on RV histology {#sec2.5}
--------------------------------------

RV histology is shown in [Figure 5](#fig5){ref-type="fig"}. At 5 weeks after SU5416 injection, VNS decreased fibrosis (VNS 2.6 ± 0.5% vs. SS 4.9 ± 0.8%; p \< 0.05), increased the capillary density (VNS 3.5 ± 0.2 vs. SS 2.5 ± 0.3 capillaries/mm^2^∗1,000; p \< 0.05), and attenuated the apoptotic ratio (terminal deoxynucleotidyl transferase dUTP nick end labeling--positive myocytes divided by the total number of cardiomyocytes per field, VNS 0.17 ± 0.03% vs. SS 0.46 ± 0.06%; p \< 0.01).Figure 5Effects of Chronic VNS on Histology of the Right VentricleValues are mean ± SEM. Differences were tested by using 1-way analysis of variance, followed by post hoc Tukey-Kramer test. ∗p \< 0.05 and ∗∗p \< 0.01 vs. CTRL. †p \< 0.05 and ‡p \< 0.01 vs. SS. Representative photomicrographs of **(A)** Masson trichrome staining (MT), **(B)** immunostained CD34-positive cells, and **(C)** terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells are shown (n = 4 in each group). Arrowhead in **(C)** indicates TUNEL-positive cell. Other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

Effects of chronic VNS on inflammatory cytokines in lung {#sec2.6}
--------------------------------------------------------

As shown in [Figure 6](#fig6){ref-type="fig"}, VNS significantly reduced the protein levels of IL-1β (VNS 55 ± 4 vs. SS 79 ± 5 pg/mg; p \< 0.01), IL-6 (VNS 26 ± 1 vs. SS 34 ± 1 pg/mg; p \< 0.01), and MCP-1 (VNS 57 ± 5 vs. SS 76 ± 4 pg/mg; p \< 0.05). VNS did not affect tumor necrosis factor-α or IL-10.Figure 6Effects of Chronic VNS on Inflammation of LungValues are mean ± SEM. Differences were tested by using 1-way analysis of variance, followed by post hoc Tukey-Kramer test. ∗p \< 0.05 vs. CTRL, †p \< 0.05 and ‡p \< 0.01 vs. SS. Quantitative analysis of cytokines and chemokine in CTRL (n = 5), SS (n = 6), and VNS (n = 6) rats at 5 weeks after SU5416 injection. Samples were obtained from the lung. The levels of protein expression of **(A)** interleukin (IL)-1β, **(B)** IL-6, **(C)** tumor necrosis factor (TNF)-α, **(D)** monocyte chemotactic protein (MCP)-1, and **(E)** IL-10 are shown. Other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

Effects of chronic VNS on survival {#sec2.7}
----------------------------------

Ten-week survival in rats with PAH is shown in [Figure 7](#fig7){ref-type="fig"}. At 5 weeks after SU5416 injection, 1 rat in the SS group died and was excluded from the survival protocol. Five-week VNS markedly improved the survival rate both in the prevention (64.2%; p \< 0.01) and treatment (50.0%; p \< 0.05) groups compared with the SS group (24.0%). Risk reduction relative to the SS group was 53.0% in the prevention group and 34.2% in the treatment group. The survival rate at the end of observation (10 weeks from 5 weeks after SU5416 injection) did not differ significantly between the prevention and treatment groups (p = 0.45).Figure 7Effects of Chronic VNS on SurvivalFive-week VNS markedly improved survival both in the prevention (**red**, n = 14; p \< 0.01) and treatment (**purple**, n = 14; p \< 0.05) groups compared with the SS (**blue**, n = 25) group, with relative risk reductions of 53.0% and 34.2%, respectively. The survival assessment was started from 5 weeks after SU5416 injection. Prevention, 5-week VNS initiated from 0 weeks after SU5416 injection; treatment, 5-week VNS initiated from 5 weeks after SU5416 injection (0 weeks in Figure 7). Differences were tested by using the Kaplan-Meier method with log-rank testing among the SS-prevention, SS-treatment, and prevention-treatment groups. \*p \< 0.05 and \*\*p \< 0.01 vs. SS. n.s. = not significant; other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

Effects of acute VNS on hemodynamics, nitric oxide synthesis, and inflammation {#sec2.8}
------------------------------------------------------------------------------

[Figure 8A](#fig8){ref-type="fig"} presents the hemodynamic response to acute VNS under anesthesia; the pooled data are summarized in [Figures 8B to 8F](#fig8){ref-type="fig"}. Acute VNS significantly reduced heart rate by 8.6 ± 2.6%. However, VNS did not change mean PAP, PVR, or cardiac index. These results indicate that VNS did not acutely change pulmonary vascular mechanical properties.Figure 8Effects of Acute VNS on Hemodynamic VariablesValues are mean ± SEM. Differences were tested by using a paired Student\'s t-test. ∗p \< 0.05 vs. pre-stimulation. **(A)** Representative time series of hemodynamic variables under acute VNS in a rat at 5 weeks after SU5416 injection. Heart rate (HR) decreases soon after initiation of VNS, whereas no significant changes in pulmonary arterial pressure (PAP), cardiac output (CO), and left ventricular pressure (LVP) are observed. **(B--F)** Effects of acute VNS on hemodynamic variables. The **white columns** represent pre-stimulation, and the **blue** and **red columns** represent post SS (n = 5) and VNS (n = 4), respectively. CI = cardiac index; LVEDP = left ventricular end-diastolic pressure; other abbreviations as in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.

Compared with SS, VNS did not alter the protein expression of eNOS ([Figure 9A](#fig9){ref-type="fig"}) or phosphorylated eNOS ([Figure 9B](#fig9){ref-type="fig"}) in the lung. In *mRNA* expression levels of cytokines, VNS down-regulated Tnfa (p \< 0.05) ([Figure 9E](#fig9){ref-type="fig"}), and up-regulated the anti-inflammatory cytokine Il10 (p \< 0.01) ([Figure 9G](#fig9){ref-type="fig"}). While, VNS did not alter Il1β ([Figure 9C](#fig9){ref-type="fig"}), Il6 ([Figure 9D](#fig9){ref-type="fig"}), and Mcp1 ([Figure 9F](#fig9){ref-type="fig"}). In addition, VNS up-regulated *Alpha7nachr,* which is known as a receptor that modulates anti-inflammatory responses in VNS (p \< 0.05) ([Figure 9H](#fig9){ref-type="fig"}).Figure 9Effects of Acute VNS on NO Synthesis and Inflammation in the LungValues are mean ± SEM. Differences were tested by using Student's t-test. ∗p \< 0.05 and ∗∗p \< 0.01 vs. SS. Effects of acute VNS (n = 3) or SS (n = 3) on nitric oxide (NO) synthesis in the lung of rats 5 weeks after SU5416 injection. Representative Western blotting of **(A)** endothelial nitric oxide synthase (eNOS) and **(B)** phosphorylated eNOS (p-eNOS) are shown in the upper panels. Graphs indicate semi-quantitative analysis of Western blots of eNOS and p-eNOS normalized by β-actin. In addition, effects of acute VNS (n = 4) or SS (n = 5) on messenger ribonucleic acid expressions of **(C)***Il1b*, **(D)***Il6*, **(E)***Tnfa*, **(F)***Mcp1*, **(G)***Il10*, and **(H)***Alpha7nachr* are shown; *18s* was used as the loading control. Each value was normalized by the averaged value in SS. Other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

Discussion {#sec3}
==========

The goal of the present study was to investigate the therapeutic effects of VNS in rats with PAH and to explore novel therapeutic strategies for PAH. We showed that chronic VNS significantly improved survival in rats with PAH, restored autonomic balance, and ameliorated pulmonary vascular remodeling while preserving RV function. Furthermore, acute VNS did not change nitric oxide (NO) synthesis or pulmonary vascular mechanics, despite acute as well as chronic VNS exhibiting significant inflammatory suppression in rats with PAH.

Effect of chronic VNS on autonomic balance {#sec3.1}
------------------------------------------

Autonomic imbalance in PAH [@bib4], [@bib5] predicts a high mortality [@bib6]. As shown in [Table 1](#tbl1){ref-type="table"}, chronic VNS increased the high-frequency component of HRV and decreased plasma NE levels in rats with PAH. These data indicate that autonomic balance in the rats with SU5416/hypoxia/normoxia model--induced PAH was restored by VNS.

VNS directly activates the parasympathetic nervous system. In the present study, chronic VNS significantly increased the high-frequency component of HRV, indicating restoration of normal parasympathetic activity. VNS also reduced plasma NE levels. We have previously reported that VNS inhibits sympathetic nerve activity by stimulating the afferent pathway [@bib25]. However, we cannot directly extrapolate our previous finding to the present study because we stimulated the vagal nerve at a low intensity that did not reduce either heart rate or AP. Furthermore, chronic VNS in this study significantly lowered PAP and improved RV function. Because sympathetic activation in PAH results from a complex interplay of mechanical, neurohumoral, and inflammatory stresses, the VNS-induced circulatory improvement could have reduced such complex stresses and evoked the sympatho-inhibitory effect.

Therapeutic effect of chronic VNS {#sec3.2}
---------------------------------

Prognosis of PAH remains poor despite marked advances in pharmacological therapies [@bib2], [@bib3]. Development of alternative therapeutic targets or more effective therapeutic modalities is therefore needed.

There are several reports showing the effect of sympatho-inhibition in PAH. Chen et al. [@bib9] found that PA denervation significantly reduced PAP and PVR, indicating the contribution of sympathetic activation to pulmonary vascular constriction and PAP increase. Da Silva Gonçalves Bos et al. [@bib10] showed that renal denervation reduced pulmonary vascular remodeling and PAP and concluded that the central beneficial mechanism of renal denervation results from suppression of the renin-angiotensin-aldosterone system. In contrast, Bogaard et al. [@bib11] and de Man et al. [@bib12] reported that beta-blocker therapy did not ameliorate pulmonary vascular remodeling or reduce PAP. Therefore, whether sympatho-inhibition improves PAH remains controversial.

In the present study, chronic VNS significantly lowered PAP and PVR ([Figure 3](#fig3){ref-type="fig"}) with a reduction of PA occlusive lesions, indicating regression of pulmonary vascular remodeling ([Figure 4](#fig4){ref-type="fig"}). Da Silva Gonçalves Bos et al. [@bib26] reported that pyridostigmine, an oral acetylcholinesterase inhibitor, reduced pulmonary vascular remodeling through parasympathetic activation. However, they concluded that other pharmacological effects of pyridostigmine independent of parasympathetic activation might be involved in its beneficial mechanism for PAH. Because we directly and electrically stimulated the vagal nerve, our results showed the pure effect of parasympathetic activation on PAH.

RV function is tightly linked to poor prognosis of PAH [@bib3]. In this study, chronic VNS significantly increased Max +dP/dt/RVEDP and decreased RVEDP, while increasing the cardiac index ([Figure 3](#fig3){ref-type="fig"}), indicating the improvement of RV function. We also showed that VNS attenuated fibrosis, decreased apoptosis of cardiomyocytes, and increased capillary density in the right ventricle ([Figure 5](#fig5){ref-type="fig"}). Li et al. [@bib16] showed that VNS improved left ventricular function and survival in rats with post--myocardial infarction heart failure. Following their study, several investigators reported that VNS exerts anti-apoptotic and anti-fibrotic effects [@bib27], [@bib28]. In addition, it is well established that sympatho-inhibition by beta-blocker therapy reduces fibrosis and apoptosis, and increases capillary density in the right ventricle via anti-inflammatory effects [@bib11], [@bib12]. On the basis of these previous studies, our results suggest that VNS may have a direct beneficial effect on RV function in rats with severe PAH. Conversely, reduction of PAP could account for the improvement in RV function [@bib29]. In this study, we also showed that VNS reduced PVR and PAP. Thus, we cannot differentiate between direct and indirect beneficial effects of VNS on RV function.

The impact of chronic VNS on survival in this study is the most critical finding for clinical translation. As shown in [Figure 7](#fig7){ref-type="fig"}, VNS markedly improved survival both in the prevention and the treatment protocols. In the treatment protocol, despite initiating VNS after PAH was established, VNS markedly improved survival. This result indicates that VNS may be effective even when applied to the established stage of PAH in clinical settings.

Beneficial mechanisms of VNS on PA remodeling {#sec3.3}
---------------------------------------------

In patients with severe PAH, perivascular macrophages are increased in PA [@bib30]. The activation of macrophage releases inflammatory cytokines such as IL-1β, IL-6, and tumor necrosis factor-α and produces T-cell--derived cytokines, which further facilitate the inflammatory process of PAH. The cytokines and chemokines subsequently evoke further inflammatory cascades and remodel the pulmonary vasculature either directly or indirectly through the production of growth factors.

Dysregulation of cell proliferation and apoptosis in pulmonary vascular smooth muscle lead to medial hypertrophy and result in lumen obstruction [@bib31]. Pro-inflammatory cytokines, including IL-6 and IL-10, play a crucial role in PA cell proliferation [@bib32], [@bib33]. Pharmacological inhibition of nuclear factor--kappaB, a transcription factor of pro-inflammatory cytokines, attenuates pulmonary vascular remodeling by decreasing cell proliferation and apoptosis [@bib34]. Furthermore, reactive oxygen species and metabolic abnormality also enhance cell proliferation in PA and lead to pulmonary vascular remodeling [@bib2].

Pavlov and Tracey et al. [@bib35] have reported that VNS inhibits the release of pro-inflammatory cytokines originating from splenic macrophages through activation of α7nAChR. They named this circuit the "cholinergic anti-inflammatory pathway." Kong et al. [@bib27] have shown that VNS up-regulates α7nAChR and limits infarct size via anti-inflammatory effects in a rat model of myocardial infarction.

In the present study, VNS significantly reduced perivascular macrophage infiltration ([Figure 4C](#fig4){ref-type="fig"}) and down-regulated pro-inflammatory cytokines IL-6, IL-1β, and MCP-1 in the lung ([Figure 6](#fig6){ref-type="fig"}). In addition, acute VNS down-regulated mRNA expression of *Tnfa* and up-regulated *Alpha7nachr* ([Figure 9](#fig9){ref-type="fig"}). Combining our current data with previous findings, we speculate that chronic VNS induces general suppression of inflammatory responses, improves PA cell proliferation/apoptosis imbalance, and attenuates pulmonary vascular remodeling.

It is well known that VNS releases acetylcholine and induces local NO production in heart and systemic arteries [@bib28], [@bib36] and that the increase in NO lowers PVR in PAH [@bib37]. However, acute VNS did not change eNOS and phosphorylated eNOS protein levels or pulmonary vascular characteristics ([Figure 9](#fig9){ref-type="fig"}). Although we did not measure endogenous NO production, these data suggest that acute VNS exerts no direct effect on pulmonary vasoconstriction in rats with PAH, at least in the present stimulation settings.

Study Limitations {#sec3.4}
-----------------

This study is the first report, to the best of our knowledge, to show the major therapeutic effects of electrical VNS on PAH model rats. Because an implantable device for VNS has already been applied clinically, and its safety and feasibility confirmed, our findings that VNS improves severe PAH in rats may contribute greatly to the development of device therapy for PAH and widen the clinical applicability of VNS.

However, we cannot directly translate our findings into clinical PAH therapy because several critical issues must be addressed. First, it is well known that none of the PAH animal models can fully represent the complex pathophysiologies of clinical PAH. To establish the clinical feasibility of VNS therapy for PAH, we must examine the effects of VNS on different PAH or right heart failure models, such as a monocrotaline-PAH model and PA banding--induced right heart failure model. Second, we titrated VNS at an intensity just below the symptom threshold (respiratory twitching) [@bib22]. Although we assumed that this stimulation setting is clinically applicable, further optimizations of stimulation parameters are needed for clinical application. Third, because of the limitation of battery life, we examined the effects of 5-week VNS in rats with PAH in this study. Technological development of the VNS device is also essential to evaluate how lifelong VNS affects established PAH. Fourth, it remains unclear whether VNS is beneficial in addition to treatment with multiple standard drugs for PAH. Further preclinical studies are needed to examine the clinical benefit of VNS. Solving those issues may enhance the clinical translational value of VNS from a therapeutic standpoint.

Conclusions {#sec4}
===========

Chronic VNS restored autonomic balance, ameliorated pulmonary vascular remodeling while preserving RV function, and markedly improved the survival rate in rats with PAH. VNS-induced anti-inflammatory response may be an important mechanism contributing to the benefits. VNS may be a potential therapeutic strategy for PAH.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Severe PAH with right heart failure remains a disease with poor prognosis despite the advances in multiple drug therapy. Autonomic imbalance has been documented in patients with PAH, and much interest has been focused on interventions targeting the autonomic imbalance in PAH. This study is the first to show the enormous therapeutic effect of electrical VNS on PAH. VNS ameliorated pulmonary vascular remodeling, preserved RV function, and markedly improved survival in rats with PAH. Thus, VNS has the potential for development as a novel strategy for treating PAH.**TRANSLATIONAL OUTLOOK:** An implantable device for electrical VNS has already been applied clinically. Our finding that VNS improves severe PAH in rats may contribute greatly to the development of device therapy for PAH and widening of the potential of VNS. Further investigations that clarify patient selection, treatment timing and period, and stimulation parameters of VNS are required to maximize the impact of VNS on PAH.
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[^1]: Values are mean ± SEM. Differences were tested by using 1-way analysis of variance, followed by post hoc Tukey-Kramer test.

[^2]: HF = high-frequency component of heart rate variability (HRV) (0.04 to 0.73 Hz); LF = low-frequency component of HRV (0.73--2.0 Hz); NE = norepinephrine; SDNN = SD of the normal to normal intervals; VNS = vagal nerve stimulation.

[^3]: p \< 0.05 and \*p \< 0.01 vs. control.

[^4]: p \< 0.05 vs. sham stimulation (SS).

[^5]: Values are mean ± SEM. Differences were tested by using one-way analysis of variance, followed by post hoc Tukey-Kramer test.

[^6]: LV + S = left ventricle plus septum; RV = right ventricular; RVH = ratio of right ventricle/LV + S; RVDd = RV diastolic dimensions; RVDs = RV systolic dimensions; PAAT/CL = pulmonary artery acceleration time normalized to cycle length; RVWT = RV wall thickness; other abbreviations as in [Table 1](#tbl1){ref-type="table"}.

[^7]: p \< 0.05 and †p \< 0.01 vs. control.

[^8]: p \< 0.05 and ‡p \< 0.01 vs. SS.
